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Abstract

Purpose—We aimed to determine the agreement between quantitative susceptibility mapping 

(QSM)-based biomagnetic liver susceptometry (BLS) and confounder-corrected R2* mapping 

with superconducting quantum interference device (SQUID)-based biomagnetic liver 

susceptometry in patients with liver iron overload.

Methods—Data were acquired from two healthy controls and 22 patients undergoing MRI and 

SQUID-BLS as part of routine monitoring for iron overload. MR imaging was performed on a 3T 

system using a 3D multi-echo, gradient-echo acquisition. Both magnetic susceptibility and R2* of 

the liver were estimated from this acquisition. Linear regression was used to compare estimates of 

QSM-BLS and R2* to SQUID-BLS.

Results—Both QSM-BLS and confounder-corrected R2* were sensitive to the presence of iron 

in the liver. Linear regression between QSM-BLS and SQUID-BLS demonstrated the following 
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relationship: QSM-BLS = (−0.22 ± 0.11) + (0.49 ± 0.05) · SQUID-BLS with r2 = 0.88. The 

coefficient of determination between liver R2* and SQUID-BLS was also r2 = 0.88.

Conclusion—We determined a strong correlation between both QSM-BLS and confounder-

corrected R2* to SQUID-BLS. This study demonstrates the feasibility of QSM-BLS and 

confounder-corrected R2* for assessing liver iron overload, particularly when SQUID systems are 

not accessible.
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INTRODUCTION

Excessive accumulation of iron in the body is toxic and can lead to multiple health 

complications including liver and heart damage, pancreatic dysfunction, and growth failure 

through pituitary dysfunction. The body has very limited natural capabilities to remove 

excess iron, therefore phlebotomy or chelation treatment is often prescribed for patients with 

iron overload (1). Chelation therapy is effective at removing excess iron from the body, 

however it is also expensive, can be difficult to ensure proper dosing, and introduces its own 

side effects (2,3). Therefore, the ability to routinely monitor body iron concentration is 

essential for ensuring proper dose adjustment of chelation therapy while also minimizing the 

potential for adverse side effects.

Serum markers, most commonly ferritin, are often used to assess body iron concentration. 

While simple and inexpensive, ferritin can be confounded by a number of factors including 

inflammation. The presence of confounding factors limits the accuracy of serum markers for 

assessing body iron concentration (4).

Liver iron concentration (LIC) is a reliable indicator of body iron concentration (5). 

Measurement of LIC can be performed using a liver biopsy. Biopsy can accurately measure 

LIC, however it is invasive, painful, and suffers from high sampling variability (6). 

Furthermore, biopsy is contraindicated in patients with thrombocytopenia or bleeding 

diatheses due to the risk of uncontrolled bleeding. In regular iron monitoring of patients, it is 

not desirable to perform biopsies on an annual or biennial timeline. Therefore, non-invasive 

techniques for assessing LIC are needed.

Biomagnetic liver susceptometry (BLS) using a superconducting quantum interference 

device (SQUID) is the current noninvasive reference standard for measurement of LIC (7–

9). An advantage of SQUID-BLS is that it measures magnetic susceptibility, which is a 

quantitative property of tissue. The presence of iron significantly alters the magnetic 

susceptibility of the liver, which can be measured to determine the LIC. Despite the 

advantages of SQUID-BLS, the lack of access to a SQUID biomagnetometer for 

measurement of liver susceptibility (only four systems worldwide) has limited the 

widespread adoption of this technique.

Sharma et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MRI is a widely available technology that, like SQUID, is exquisitely sensitive to the 

magnetic susceptibility of tissue. The tissue susceptibility distorts the main magnetic (i.e. 

B0) field, which can be measured using a gradient-echo acquisition. MRI-based quantitative 

susceptibility mapping (QSM) techniques have been developed and validated over recent 

years (10–12). QSM has primarily focused on applications in the brain, to distinguish 

calcification from hemosiderin (13,14), to quantify iron concentration in deep brain regions 

(15,16), as well as to measure the biodistribution of paramagnetic contrast agents in 

perfusion imaging (17,18).

Recently, a QSM technique for the abdomen was developed and its feasibility was 

demonstrated in patients with liver iron overload (19). This technique addresses the 

challenges of QSM outside of the brain, including the presence of fat, physiological motion 

during the acquisition, as well as the potential for large susceptibility shifts, which increases 

R2* signal decay. QSM-BLS is an attractive alternative to SQUID-BLS for in-vivo 

measurement of LIC because it measures the same tissue property (i.e. magnetic 

susceptibility), while using a technology that is much more widely available (i.e. MRI).

Further, using the same gradient-echo acquisition as for QSM, R2* can also be estimated. 

Previous works have demonstrated the sensitivity of R2* to the presence of liver iron (20,21) 

and investigated its relationship to BLS (22,23). In work from Hernando et al., a confounder-

corrected R2* technique was developed, which avoids the noise floor bias inherent to 

magnitude-based R2* mapping techniques while also properly accounting for the presence 

of fat in the liver (24,25).

Both techniques, i.e. QSM-BLS and confounder-corrected R2*, have demonstrated 

correlation to an MRI-based R2 relaxometry method for quantification of LIC (26) 

(Ferriscan®, Resonance Health, Claremont, Australia). However, R2-based methods are 

known to be confounded by factors other than iron concentration, including the rate of 

diffusion (27), which limits the accuracy of R2-based quantification of LIC. In contrast, 

magnetic susceptibility, as measured by SQUID-BLS, is directly related to the iron 

concentration, providing accurate measurement of LIC. Despite this advantage over R2-

based methods, neither QSM-BLS nor confounder-corrected R2* has been compared to 

SQUID-BLS, in part because of the limited availability of a SQUID biomagnetometer.

In this work, we report results of the first study that performs QSM-BLS, confounder-

corrected R2*, and SQUID-BLS in patients with liver iron overload. The goal of this study 

was to determine the relationships between QSM-BLS and confounder-corrected R2* to 

SQUID-BLS in patients with liver iron overload.

METHODS

Subjects

Twenty-two patients and two healthy controls were recruited at University Medical Center 

Hamburg-Eppendorf (Hamburg, Germany) for this prospective study. Patients were selected 

from a population that was undergoing MRI and SQUID-BLS as part of routine monitoring 

for iron overload (age: 14–73 yr, BMI: 15–30 kg/m2, ferritin: 37–8216 μg/L). MRI and 
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SQUID-BLS were performed within one month of each other in 18 of 24 subjects, between 

one and two months in four subjects, and between two and four months in two subjects. 

Since patients were on an iron maintenance treatment, no significant difference of LIC was 

expected between MRI and SQUID experiments. For the 22 patients enrolled in this study, 

the diagnoses were: transfusion dependent thalassemia (n=11), Diamond-Blackfan anemia 

(n=4), sideroblastic anemia (n=3), compound hereditary hemochromatosis (n=1), 

myelodysplastic syndrome compounded by hereditary hemochromatosis (n=1), sickle cell 

disease (n=1), and osteomyelofibrosis (n=1). All subjects gave informed written consent for 

this study.

SQUID Susceptometry

The dual-channel SQUID-BLS system (Biomagnetic Technologies Inc., San Diego, USA) 

contains a sensor assembly with two symmetrical 2nd order gradiometer sensors coupled to 

radio frequency (RF)-SQUIDs aligned with superconducting magnetic field coils (1st order 

gradiometer with Bmax = 20 mT), a water bellows coupling membrane (25 cm diameter) that 

serves as an infinite magnetic reference medium, a workstation for process control, and a 

low pass filtered data acquisition system with a data sampling rate of 1 kHz. Simultaneously 

acquired high pass filtered signals from locator loops (z-coil, two double D-coils) driven by 

AC currents (206 & 286 Hz) are used for distance measurements between the patient’s skin 

and the lowest sensor coil and for horizontal positioning.

The SQUID-BLS system was calibrated using a water sphere and its known air-water 

magnetic volume susceptibility difference of Δχair-water = 9.396 ppm. Using a 1st order 

approximation, the susceptibility difference of the liver tissue (Δχliver = χliver-χwater) was fit 

to the voltage difference registered by the sensor assembly (28).

Patients underwent the following measurement procedure within a 30-minute scan time: in a 

tilted supine position, sonography was used to identify the liver, to determine optimal liver 

position and ellipsoidal organ geometry, and to measure skin-liver distance. After mounting 

a locator loop, the patient was positioned in the closest distance to the dewar tail of the 

SQUID. The subject was asked to hold his/her breath while the patient bed moved down at a 

rate of 0.7 cm/s followed by the water bellows. This vertical scan was repeated 3–5 times. 

The procedure is schematically illustrated in Figure 1, together with a sagittal ultrasound and 

a transverse MR image at the measurement position. With this patient positioning, the 

coverage of SQUID-BLS is concentrated to the anterior part of the right lobe of the liver, 

such that approximately 90% of the detected magnetic flux change originates from this 

portion of the liver (29).

Using the specific mass magnetic susceptibility for the hemosiderin/ferritin iron complex 

measured in human autopsy livers, ξFe = 1600·10−9 m3/kgFe (30,31), the in-vivo liver iron 

concentration was calculated as LICin-vivo = Δχliver / ξFe. Tabularized magnetic flux 

integrals for ellipsoidal liver and cylindrical thorax geometries, and assuming homogenously 

distributed Δχliver, enabled real-time analysis of LIC (28).

After the patient was informed about the real-time result and released, a more complex 

offline analysis was performed (described later in Data & Statistical Analyses), which 
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accounts for magnetic objects (e.g. dental braces) and deviations caused by the thorax 

susceptibility.

MRI QSM and R2*

MR imaging was performed on a 3T clinical scanner (Ingenia, Philips Medical Systems, 

Best, The Netherlands) with a 28-channel torso array using a 3D six-echo, spoiled gradient-

echo acquisition with bipolar readout. Acquisition parameters included: TE1 = 1.2 ms, ΔTE 

= 1.0 ms, TR = 7.7 ms, flip angle = 3°, acquired resolution = 1.6 × 2.2 × 8 mm3, matrix size 

= 256 × 144 × 32, parallel imaging acceleration factors = 1.9 (A/P) × 2.1 (L/R), and scan 

time approximately 19 s. Full 3D coverage of the liver was achieved within a single breath-

hold.

Complex-valued, multi-echo images were reconstructed online from the acquired data using 

a phase-preserving SENSE-based approach (32). This processing resulted in a complex-

valued 3D volume for each echo time (hereafter referred to as the ‘source images’).

The source images were processed offline using a chemical shift encoded (CSE) 

reconstruction (25,33,34), yielding estimates of the R2* map, B0 field map, as well as 

separated water and fat images. The CSE reconstruction is a complex-based algorithm that 

avoids the noise floor bias inherent to magnitude-based R2* mapping techniques. In 

addition, this reconstruction models the spectral complexity of fat, which is also required to 

avoid bias in the estimate of R2*. A more comprehensive discussion of the confounder-

corrected R2* mapping reconstruction is found in previously published works (24,25).

The estimated B0 field map was processed using a QSM reconstruction that was developed 

for measuring susceptibility of the liver. This reconstruction performs a joint background 

field removal and dipole inversion to estimate the local susceptibility distribution. To 

regularize the ill-posed inversion, anatomical edge and fat constraints are incorporated into 

the parameter estimation (35,36). A more comprehensive presentation of the abdominal 

QSM reconstruction is found in previously published work (19).

Both the confounder-corrected R2* and the QSM reconstructions were implemented in 

Matlab (The Mathworks Inc., Natick, MA).

Data & Statistical Analyses

Offline SQUID-BLS analysis was performed using a 2nd order approximation, which also 

took into account the magnetic contribution of the overlying thorax tissue (28). The 

measured voltage data points were fit to a model curve prescribed by the magnetic flux 

integrals of liver and thorax geometry and their respective magnetic susceptibilities (28). 

Any deviation from this curvature was suspected to originate from imperfect measurement 

quality, magnetic objects (dental braces, orthopedic implants, surgical staples, etc.), and 

especially, deviations from BMI-derived magnetic thorax susceptibility, which was 

established in previous work (37).

For the MRI experiment, a circular region of interest (ROI) with radius ~2 cm was placed in 

one central slice of the estimated susceptibility map. The ROI was placed in the right lobe of 
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the liver (away from major vessels and bile ducts), in a similar location as the region of 

coverage of SQUID-BLS. However, because SQUID-BLS cannot spatially localize the 

signal, exact co-localization to the SQUID-BLS measurement was not possible. Because 

QSM provides an estimate of relative susceptibility, an additional ROI was placed in the 

adjacent subcutaneous adipose tissue (SAT). The susceptibility in the liver was measured 

relative to the susceptibility in the SAT. The SAT was used as a reference point because it 

does not accumulate excess iron (38). The ROI in the liver was then copied to the R2* map. 

This ensured exact co-localization of susceptibility and R2* measurements in the liver.

From previous work, it is known that estimates of susceptibility and R2* are unreliable for 

patients with high LIC (25,39). In cases of high LIC, the transverse signal has decayed away 

before a sufficient number of measurements have been made. This leads to unreliable 

estimates of the R2* map and the B0 field map, which subsequently propagates to the 

susceptibility map estimate. Therefore, for subjects where the measured R2* > 800 s−1 

(demonstrating high LIC), the data were excluded from statistical analyses. For the 

remaining data, linear regression analyses were performed in Excel (Microsoft, Redmond, 

WA) to assess the relationships between QSM-BLS and SQUID-BLS, liver R2* and 

SQUID-BLS, and the two MRI-based measures of liver iron overload.

RESULTS

Figure 2 shows R2* and susceptibility maps for one subject with normal LIC and another 

subject with moderate liver iron overload, using SQUID-BLS as the reference. Both R2* and 

QSM-BLS demonstrated sensitivity to the presence of iron in the liver. The estimates of liver 

R2* and liver susceptibility are also shown. As expected, the patient with liver iron overload 

exhibits both a higher R2* (increase of 561 s−1) and a higher (i.e. less diamagnetic) 

magnetic susceptibility (increase of 1.59 ppm), which is expected since body iron stores are 

paramagnetic. Notice also the increased R2* and susceptibility in the spleen, which suggests 

excessive accumulation of iron in that organ as well.

In eight subjects, the measured R2* exceeded 800 s−1, resulting in unreliable estimates of 

R2* and susceptibility. In one of these eight subjects, an extremely high LIC (34.2 mg Fe/g 

dry tissue as measured by SQUID-BLS) resulted in no measurable MR signal by the first 

echo of TE1 = 1.2 ms. The data for the remaining subjects (two healthy subjects and 14 

patients) were included in the statistical analyses.

Figure 3 shows the scatterplots of liver R2* versus SQUID-BLS and QSM-BLS versus 

SQUID-BLS. Figure 4 shows a scatter plot of QSM-BLS estimates versus R2* estimates. 

The results of the linear regression analyses are shown in Table 1.

DISCUSSION

In this study, we performed QSM-BLS, confounder-corrected R2*, and SQUID-BLS in 

subjects with varying degrees of liver iron overload. QSM-BLS measurements demonstrated 

a strong linear correlation to SQUID-BLS measurements (r2 = 0.88). These findings are of 

clinical significance particularly because QSM-BLS measures the same quantitative property 

of tissue as SQUID-BLS, but using MRI, which has much greater availability than SQUID.
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We determined the coefficient of determination between confounder-corrected R2* and 

SQUID-based susceptometry to be r2 = 0.88. Gianesin et al. determined the relationship 

between R2* and magnetic iron detector susceptometry to be r2 = 0.68 (23). There are many 

potential sources for this difference, including variations in MRI scanners and 

biomagnetometer systems. Further, unlike the method used by Gianesin et al., the R2* 

mapping technique used in this work avoided the confounding effects of noise floor bias and 

fat by fitting complex-valued data to a signal model that accounts for the presence of fat 

(25).

Linear regression analysis revealed a discrepancy (slope = 0.49) in the magnetic 

susceptibility estimates between QSM-BLS and SQUID-BLS. Similar discrepancies have 

been noted in brain QSM as demonstrated by Wang and Liu (10). In their review, an 

assessment of the accuracy of various QSM techniques using simulated brain data found 

slopes ranging from 0.63–0.99. In general, the cause of these discrepancies is still unknown. 

However, recent works have demonstrated the effects of spatial resolution, including a large 

slice thickness, on the accuracy of QSM (40,41). In this current study, the data were 

acquired using a relatively large slice thickness of 8 mm, which was required to achieve full 

3D coverage of the liver in one breath-hold. Therefore, it is conceivable that the large slice 

thickness contributed to the bias that was observed in this study. Despite this current 

discrepancy, the strong correlation between QSM-BLS and SQUID-BLS suggests the 

promise of QSM-BLS for assessment of liver iron overload.

Both SQUID-BLS and QSM-BLS aim to measure liver susceptibility, in order to quantify 

liver iron concentration. Despite this similar goal, there are significant differences in the 

methodology used to derive liver susceptibility values. SQUID-BLS is a planar method that 

uses electronic magnetometers that are sensitive to nearby magnetized tissues. The 

measurement from SQUID-BLS is assumed to represent the magnetic susceptibility 

throughout the entire liver. In contrast, QSM-BLS is able to localize the signal, and thus 

provides 3D spatial maps of the susceptibility distribution. Further, SQUID-BLS has greater 

dynamic range than QSM-BLS (and confounder-corrected R2*), which must acquire a 

sufficient number of measurements before the transverse signal has decayed away. Thus, 

while SQUID-BLS was sensitive to the full range of LIC for subjects in this study, QSM-

BLS was not. In particular, for eight subjects in this study, high LIC caused low SNR in the 

liver, which resulted in unreliable estimates of liver susceptibility and R2*. Improvements to 

the data acquisition and parameter mapping of these MRI-based techniques will be 

necessary to match the dynamic range that is currently available using SQUID-BLS.

Similar to previous work (19), this study demonstrated a strong correlation between QSM-

BLS and R2*. This correlation is not surprising since both susceptibility and R2* are 

sensitive to the presence of iron. However, this finding raises the question as to whether 

there are any differences between these two MRI-based techniques for assessing liver iron 

overload. That is, can these two techniques be used interchangeably, or do they provide 

complementary information regarding liver iron overload? Further technical development of 

QSM for liver iron overload is required before the relationship between susceptibility and 

R2* can be fully elucidated. It must also be noted that both parameters can be estimated 

from the same multi-gradient-echo acquisition, as was done in this study.
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In conclusion, we have investigated the relationships between QSM-BLS, confounder-

corrected R2*, and SQUID-BLS in subjects with liver iron overload. Both MRI-based 

estimates were strongly correlated with SQUID-BLS. The results of this study further 

demonstrate the feasibility for QSM-BLS and confounder-corrected R2* to assess liver iron 

overload. Further, similar to SQUID-BLS, QSM-BLS has the potential to quantify LIC by 

measuring a quantitative tissue property (i.e. magnetic susceptibility) that has a direct and 

known relationship to iron concentration.
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Figure 1. 
Schematic illustration of the liver iron measurement with a SQUID biomagnetometer 

system. (A) Starting position of liver and SQUID system. (B) The patient and water 

coupling system move down during the data acquisition (over a 13 second time window). 

The vertical scan is repeated 3–5 times. (C) Ultrasound imaging is used to measure the skin-

liver distance and the ellipsoidal organ geometry. (D) A rotated axial MR image aligned with 

the SQUID-BLS position is shown. The yellow arrow marks the measurement position for 

SQUID-BLS.
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Figure 2. 
Both MRI-based R2* mapping and QSM are sensitive to the presence of iron in the liver. 

The figure shows R2* maps (left) and susceptibility maps (right) estimated from a subject 

with normal liver iron (top) and with liver iron overload (bottom). SQUID-BLS estimates of 

LIC are reported. The susceptibility measurements reflect the change in liver susceptibility 

due to the presence of iron. For the subject with liver iron overload, notice the increase in 

R2* and susceptibility in the spleen, suggesting the presence of iron overload in that organ 

as well.
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Figure 3. 
Scatterplots of R2* versus SQUID-BLS (left) and QSM-BLS versus SQUID-BLS (right) 

demonstrate strong correlations between both MRI-based measures of liver iron and 

SQUID-BLS. The coefficient of determination between R2* and SQUID-BLS was r2 = 0.88. 

Linear regression between the two BLS methods demonstrated the following relationship: 

QSM-BLS = (−0.22 ± 0.11) + (0.49 ± 0.05) · SQUID-BLS, with r2 = 0.88.
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Figure 4. 
QSM-BLS demonstrates strong correlation to R2*. The linear regression analysis between 

these two MR-based measures of LIC yielded: QSM-BLS = (−0.17 ± 0.09) + (0.0034 

± 0.0003) · R2*, with r2 = 0.92.
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Table 1

Linear regression analyses comparing QSM-BLS, R2* mapping, and SQUID-BLS in two healthy controls and 

14 patients with liver iron overload show strong correlations between each pair of measurements.

slope intercept r2

QSM-BLS vs. SQUID-BLS 0.49 ± 0.05 −0.22 ± 0.11 ppm 0.88

R2* vs. SQUID-BLS 139.47 ± 13.59 s−1/ppm −6.29 ± 30.76 s−1 0.88

QSM-BLS vs. R2* 0.0034 ± 0.0003 ppm/s−1 −0.17 ± 0.09 ppm 0.92
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